Aircraft icing can result in degradation of the aerodynamic characteristics and reduction of the control effectiveness, which would pose serious threats to flight safety. Reconfigurable flight control and envelope protection of iced aircraft have become an effective solution to ensure flight safety in icing encounters. In this study, the dynamic model of the iced aircraft was established, and high precision numerical simulation method and wind tunnel virtual flight experiment were applied to obtain the icing aerodynamic database. Furthermore, the reconfigurable flight control law was designed by using the adaptive neural networks based dynamic inversion (ANN-DI) control method. Simulation results demonstrate that the control method behaves well tracking performance and strong robustness in the presence of modeling errors and control surface damage. After that, an icing envelope protection system was designed based on control limiting strategy and the ANN-DI control was applied to calculate the control surface deflection limits based on the limit values of the key flight safety parameters. Finally, the designed icing envelope protection system has been verified through simulation in two autopilot modes under icing conditions. The simulation results obtained here show that the system could keep the key flight safety parameters such as the flight speed, the angle of attack (AOA), the side slip angle, and bank angle within the flight safe region under icing conditions. The method proposed in this study is expected to provide flight safety measures for in-flight icing.
I. INTRODUCTION
Aircraft icing has been shown to be one of the most common external environmental causal factors that affect flight safety and even lead to catastrophic accidents [1] . Based on current knowledge, the existing anti-icing and de-icing technology still cannot eliminate the threat from aircraft icing. Therefore, flight accident caused by icing still occurred continuously.
There are two methods to prevent icing accidents [2] : 1) icing conditions can be avoided; 2) the aircraft system can be designed and operated in an ice-tolerant manner. For all kinds of aircrafts, ice avoidance is the most desirable goal The associate editor coordinating the review of this manuscript and approving it for publication was Mou Chen . for increased safety. However, it is difficult to avoid aircraft icing because of the adverse weather condition. And the antiicing and de-icing system can only protect limited parts of the aircraft, even if the anti-icing and de-icing system work well in actual flight, in-flight icing is still inevitable. Therefore, simply relying on the anti-icing and de-icing system is not completely reliable, and the ice tolerance methods have become additional layers to ensure flight safety under severe icing conditions. Reconfigurable flight control and envelope protection of iced aircraft have become effective solutions to ice tolerance.
Aircraft icing leads to degradations in aerodynamic performance and flight quality, seriously jeopardizing flight safety. Numerous experimental results have shown that different ice VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ shape have different aerodynamics effects, and ice shape and growth process can be difficult to predict. Therefore, the aerodynamics effects caused by icing have uncertainty. Otherwise, even quite small ice accretions on the aircraft control surface can cause substantial loss of control effectiveness [3] . However, any modeling uncertainties or control surface failures can cause degradations in stability and performance for aircraft [4] , which is a challenge to linear, model-based gain scheduling control techniques. Because these traditional control law design method might require complete redesign the flight control law if the aircraft configuration have significant changes. To overcome the defect of this approach, reconfigurable flight control methods have attracted many researchers' attention. Adaptive control theory applied to reconfigurable flight control offers a good solution to the problem since it can compensate the impacts given by unavoidable modeling uncertainties, possible severe control surface damages or other unexpected failures that may occur during flight. In recent years, adaptive control using neural networks has been a hot topic when studying automatic control and flight control. Neural networks process the excellent ability to approximate the smooth nonlinear function with ideal precision through the online adjustment of weights [5] , which have been proven to be very suitable for adaptive compensation of modeling errors in the control system. Therefore, this method is very effective for dealing with uncertainties in nonlinear systems such as flight control system, and has been updated and applied in some previous research. An adaptive neural networks augmented feedback linearization control method [6] - [8] proposed by Calise has been applied to reconfigurable flight control of the tiltrotor aircraft [6] , tailless aircraft [9] , X-33 aircraft [10] and helicopter [11] . Besides, in Dong-Ho Shin's study [12] , a neural network based adaptive backstepping controller for reconfigurable flight control was developed. These above methods have provided good reference for the reconfigurable flight control in icing encounters, although researches on this aspect are lacking.
Deterioration of aircraft aerodynamic performance caused by the ice accretion usually leads to atrophy of the whole flight envelope. If the pilot or autopilot still operates the iced aircraft within the original flight envelope which is not modified based on the actual ice accretion, the flight risk would increase greatly, example like the ATR accident in 1994, where the roll upset of the iced aircraft occurred anomaly at an angle of attack of 5 • , which is much lower than the limit of AOA (18.1 • ) [13] . Therefore, research on the envelope protection method under icing conditions is of great significance to ensure the flight safety of in-flight icing conditions. To meet the safety standard, the icing envelope protection system must be able to update the envelope limits in real-time according to the aircraft state and icing severity, and protect the pivotal safety parameters in real-time within the safe envelope at the same time, which is different from traditional flight envelope protection (FEP) system. The traditional FEP system usually provide flight envelope protection by presetting limits in the fly-by-wire control systems for some pivotal parameters such as the angle of attack, bank angle, etc, and don't need to modify the flight envelope in real time.
However, among most of the previous researches about the envelope protection system, only a few of them have taken into the concern of aircraft icing. Bragg first developed the Smart Icing System (SIS) [14] , which can be used to estimate the ice accretion effects on the flight performance and stability characteristics of the aircraft in real time and at the same time, provide envelope protection under icing conditions. Furthermore, researchers of University of Illinois designed Icing Contamination Envelope Protection system (ICEPro) [15] - [17] which can provide the pilot with envelope-limiting cueing in order to avoid loss-of-control or adverse conditions resulting from in-flight icing. Besides, Vikrant Sharma had proposed envelope protection method under icing conditions in autopilot mode, and explored how to maintain the AOA within the changing envelope caused by icing [2] . Merret reported the method about how to achieve flight envelope protection when the aircraft freezes under atmospheric disturbances [18] , similar work is also available in references [19] and [20] . However, the above studies mostly need large amount of calculation to compute the future response of the key flight parameters every time interval [21] , and rely on accurate iced aircraft model. The robustness of these methods can't be guaranteed due to the change of aircraft aerodynamics parameters and the perturbation of aircraft model caused by icing. And the research mentioned before is mostly limited to the envelope protection of a single parameter such as the AOA, and there are more key parameters that need to be considered at the same time.
In the present study, in order to ensure good handling and stability characteristics when encountering icing during flight, and protect the aircraft states within the changing safe envelope, we developed the ANN-DI method applied to reconfigurable flight control and envelope protection under icing conditions. This study is outlined as follows. Section II describes the iced aircraft dynamics model, including icing effect model. Section III introduced the single hidden layer neural networks (SHL-NN) based adaptive dynamic inversion control architecture and the stability of the control method is analyzed. Section IV describes the ANN-DI method applied in reconfigurable flight control under icing conditions and in order to demonstrate the feasibility of this control method, some examples are performed. Based on the control limiting strategy, the ANN-DI method applied in flight envelope protection under icing conditions and simulation examples are discussed in Section IV. Finally, we summarized the method proposed and the simulations results in Section V.
II. ICED AIRCRAFT DYNAMICS MODEL A. THE AIRCRAFT DYNAMICS MODEL
Operating the reconfigurable flight control and envelope protection algorithm usually involves nonlinear characteristics and the coupling of longitudinal and lateral dynamics. Therefore, in order to simulate the dynamics characteristics of the aircraft, the six degree-of-freedom (6-DOF) equations are adopted. The 6-DOF dynamics model of the aircraft can be expressed as the following:
where x and u represent the state vector and the control vector, respectively:
where α, β and µ are the AOA, the side slip angle, and the bank angle about velocity vector, respectively; p, q and r are the components of the angular velocity in the body coordinate system, respectively; V , χ and γ are flight speed, azimuth angle, and flight path angle; x g , y g and z g are the positions of the aircraft in the ground coordinate system. δ th is the throttle setting; δ e , δ a and δ r are the elevator, aileron and rudder deflection angle, respectively. The linear stability and the control derivatives are used in the aerodynamic model adopted in the present study. And we expressed the aerodynamic forces L, D, Y and the momentsL, M , and N as follows:
whereq is dynamic pressure, S is the reference wing area, c is the mean aerodynamic chord, b is the wing span, C * represent the aerodynamic coefficients, A is the induced drag factor. When the aerodynamic forces L, D, Y and momentsL, M , and N are substituted into the 6-DOF flight dynamics equations, the aircraft dynamics can be divided into slow variables control loop and fast variables control loop based on the singular perturbation theory, which can be expressed as:ẋ 
where δ acom , δ ecom and δ rcom are the commands of control surface deflection angles. f out , as shown at the bottom of the next page. whereL,M andN are the basic aerodynamic moments without control surface moments; c i (i = 1, 2, . . . , 9) are the variables related to the moment of inertia of the aircraft, which can be found in reference [22] . The states including the fast variables p, q, r, and the slow variables α, β and µ, have been divided into two groups in order to design the ANN-DI controller separately.
B. THE ACTUATOR MODEL
The actuator model adopted in this study consists of three modules: first-order inertia link, rate limiter and position limiter [23] . Figure 1 shows the schematic diagram of the actuator model.
The parameters of the three modules for the elevator, aileron, and rudder are summarized in Table 1 .
C. THE ICING AERODYNAMIC EFFECT DATABASE
The aircraft in this study is a typical civil airliner which is similar to C919 or A320. Numerical simulation and wind tunnel based virtual flight test method are used to obtain the aerodynamic parameters of aircraft caused by ice accretion. Figure 2 shows the acquisition process of background aircraft aerodynamic data under icing conditions. Firstly, the three-dimensional geometric model of the aircraft was established. The digital model of medium and severe horn ice were formed and the ice shape was obtained via icing wind tunnel tests. The icing environment conditions of the icing wind tunnel tests are listed in the Table 2 . The icing scenario meets the requirements of the FAR-25 Appendix C and it is representative in actual flight situation. And the ice is accreted on the leading edge of the wings.
Then, the influence of wing icing on aircraft aerodynamic parameters under different conditions was calculated by hybrid Reynolds-averaged Navier-Stokes (RANS) -large eddy simulations (LES) methods. The hybrid RANS-LES methods such as delayed detached-eddy-simulation (DDES) and zonal detached-eddy-simulation (ZDES) were applied to simulate the flow characteristics of the aircraft. The numeri-cal simulation results had been verified through wind tunnel based virtual flight tests with simulated ice shape, which is used to simulate the actual flight behavior and measure the
The schematic framework of ANN-DI control.
aerodynamics forces and moments under icing conditions for a 3-DOF dynamically similar aircraft model supported by a vertical strut with simulated ice shape in wind tunnel. The experiment scenario is shown in figure 2 . The details about the wind tunnel based virtual flight tests can be found in reference [24] .
Finally, through the wind tunnel virtual flight test verification, we can obtain a set of reliable icing aerodynamic effect database and flight envelope limits of some key parameters like AOA.
From the aerodynamic database in figure 2, we can know that in the clean, medium, and severe icing conditions, the lift curve slope and maximum lift coefficient decrease gradually, as well as the stall AOA. Accordingly, the drag coefficient increases. The longitudinal static stability decreases in the linear region of small AOA, but a nonlinear trend in the region of high AOA.
III. ADAPTIVE NEURAL NETWORKS BASED DYNAMIC INVERSION CONTROL ARCHITECTURE
Traditional dynamic inversion control method is sensitive to modeling errors. However, due to the presence of modeling uncertainty caused by icing or control surface damage, the model inversion errors are inevitable. The application of adaptive neural networks based dynamic inversion control can effectively alleviate the sensitivity and therefore the need for detailed knowledge of the system dynamics. Therefore, the adaptive neural networks based dynamic inversion control architecture has been established. Figure 3 shows a schematic framework of ANN-DI control method. The key components of ANN-DI control framework including: a response model, an approximate dynamic inversion module, a P-D linear controller, and an adaptive element. The single hidden layer neural networks (SHL-NN) are applied to approximate the inversion error. Also, the adaptation law for the NN weights is proposed. The control design progress is introduced as follows.
A. THE PROBLEM DEFINITION
Consider a second order nonlinear system in our study as the following form:ẍ
where x ∈ R n is the state variables, u ∈ R m is the input vector, f are nonlinear functions and it may be unknown. Letẍ
where v is the pseudo control vector,f (x,ẋ, u) indicates an approximate model for f (x,ẋ, u) so that
where (x,ẋ, u) is the model inversion error. The inverse dynamics of the system can be written as follows:
wheref −1 represents the model inverse that is applied in actual implementation.
With the preceding definitions, the dynamics described in Eq. (7) can be equivalently represented in the following:
The pseudo control vectorv is composed of three signals:
where v ad is an adaptive term that is designed to cancel (x,ẋ, u), v l is the output of linear controller, x c is the input command of the response model, x f ,ẋ f and v f are the output of the response model.
Based on the equations (11) to (14) , the error dynamic equation can be written as:
where
Then we have the following assumptions: 13) is Hurwitz. By selecting appropriate control parameters k p and k d , the system matrix A can be made Hurwitz. So this assumption is usually satisfied. VOLUME 8, 2020 Note that, here, is dependent on v ad through v, whereas v ad has to be designed to cancel . We introduce the following contraction assumption to ensure the existence and the uniqueness of a solution for v ad → .
Assumption 2: The solution v ad → is a contraction over the entire input domain of interest satisfied by the following condition:
This implies:
can be rewritten as follows:
If and only if the two following conditions described in Eq. (19) are true, Eq. (18) is satisfied:
The control goal is to make the state variables x track the given desired trajectory x c .
B. SHL-NN APPROXIMATION FOR THE INVERSION ERROR
Traditionally, the radial basis function neural network (RBF-NN) model and the single hidden layer neural network (SHL-NN) model are applied to adaptive control in both industry and academia. SHL-NN model has been proved that can approximate smooth nonlinear functions to an arbitrary degree of accuracy. And previous researches have proved the SHL-NN model using sigmoid function is easier to tune than the RBF-NN model which employs Gaussian function. The RBF-NN model is additionally more susceptible to overfitting errors and improper learning. Therefore, the SHL-NN model is employed in this paper.
The single hidden layer neural network structure adopted in this study is shown in figure 4 . Given x ∈ D ⊂ R n , the SHL-NN has an output that can be expressed as:
where i = 1, . . . , n 3 . σ (•) represents the hidden layer activation function; v kj are the interconnection weights of the input layer to the hidden layer; w ji represents the interconnection weights of the hidden layer to the output layer, and θ vj , θ wi are bias terms, and here we define θ vj = θ wi = 1. n 1 , n 2 , n 3 represent the neuron number of input, hidden, and output layer. 2 is the interconnection weight matrix for the input layer to the hidden layer, W ∈ R (n 2 +1)×n 3 is the interconnection weight matrix for the hidden layer to the output layer. Thus, the input and output of the single hidden layer neural networks can be written into the matrix as following shown:
The hidden layer neuron activation function selects the following sigmoid function:
where z ∈ R, a is the activation coefficient. Definition 1: Given an arbitrary constant real number ε > 0, there exists an ideal set of weights (W * , V * ) for all x ∈ D ⊂ R n 1 , such that
where ε is the approximation error. We may consider W * and V * to be the values of W and V that minimize the supreme bound of ε over D.
C. The ADAPTATION LAWS FOR THE WEIGHTS OF THE NN
The adaptation laws for the weights W and V are derived based on the Lyapunov stability theory. Firstly, the adaptive item can be constructed for the NN's output is defined as follows:
where v r is robust adaptive term, and defined it later.Ŵ ,V is the estimated weight matrix. Next, define the matrix Z:
Then the input of the neural network is defined here as follows:
Note that thev ad is both an input and output of the NN. And introduce the following assumptions:
Assumption 3: The norm of neural network weights is bounded, Z F ≤Z ,Z ∈ R.
Assumption 4:
In the system, all the command signals are bounded.
We can state the following result by using the assumptions (1-4) above. The robust term v r is designed as follows:
where k r0 ≥ 0, k r1 > 0, r = e T PB, P is the positive definite solution of the Lyapunov equation
where Q=2I, and I is the unit matrix.
The e-modification adaptation laws for the weights can be designed as follows:
where w is the output layer learning rate, and v is the hidden layer learning rate. And w > 0, v > 0, λ > 0, σ = σ (V T x),σ is the Jacobian matrix ofσ :
D. STABILITY ANALYSIS OF THE CONTROL LAW
Theorem 1: Considering the system given by equation (7) together with the control law given by equations (10) and (12), and adaptive laws given by equation (29) subject to assumptions 1 ∼ 4, it can guarantee that all the signals described in Eqs. (15) and (23) in the resulting closed-loop system remain bounded.
Proof:
The error dynamics defined in Eq. (15) can be described as follows:
With the Taylor series expansion of σ (z) at z =ẑ, we can obtain
where o(Ṽ T x) 2 represents second-and higher-order terms
With Eq. (30), Eq. (29) can be rewritten aṡ
The inputs to the NN also are bounded:
where k 0 = 1 +x f + (2 + n 2 )Z , k 1 = 2 + n 2 .
Note that σ ≤ σ * + σ ≤ 2(1 + n 2 ), σ Ṽ T x ≤ a(1 + n 2 )(2 + n 2 ), then
where k 2 = 2(1 + n 2 ), k 3 =ā(1 + n 2 )k 2 1 , k 4 =ā(1 + n 2 )k 0 k 1 , k 5 =ā(1 + n 2 )k 1 ,ā is the maximum activation potential of Eq. (22) .
w is bounded as follows:
where k 6 =Z k 2 , k 7 =Z k 3 , k 8 =Z k 4 , k 9 =Z k 5 .
With the preceding properties, we choose the following Lyapunov function:
With Eqs. (28), (29) , and (33), then the time derivative for the above Lyapunov function is expressed as: 
Note that v , w , λ, k r0 , k r1 are the design parameters and could determine a trade-off between control performance and robustness. Thus, k r1 > k 9 is sufficient to show thatL is negative semi-definite when e ≥ |a 1 /a 0 |. Therefore, by LaSalle theorem, e(t) andZ(t) remain bounded.
IV. APPLICATION TO RECONFIGURABLE FLIGHT CONTROL
Based on ANN-DI control method mentioned above, the reconfigurable flight controller has been designed to compensate the undesirable effects of control surface failures and other adverse effects of damage conditions and we will discuss the results in the following content details.
A. THE RECONFIGURABLE FLIGHT CONTROLLER DESIGN
As mentioned above, the ANN was implemented to augment the baseline longitudinal, lateral, and directional dynamic inversion (DI) controller of the aircraft.
The structure of adaptive controller for three channels with the DI control loop is shown in figure 5 . The controller for the aircraft is composed of a three-axis control system for the AOA (AOA or α), bank angle about velocity vector (µ), and sideslip angle (β), which is designed to obtain consistent nominal system performance. Note that the response model for bank angle about velocity vector µ c is a first order model, and the linear compensator select proportional control mode correspondingly, which is different from the second order response model for AOA and sideslip angle.
The structure of DI controller can be separated into fast and slow control loops. The angular velocity p, q, r are controlled in fast loop, while the output parameters are control surface deflections command. The β, α, and µ are controlled in slow loop, and the input parameters are the pseudo control variables v β , v α and v µ . The output parameters of slow loop are the desired aircraft angular velocity p c , q c and r c .
1) THE FAST CONTROL LOOP
To track the desired angular accelerationω d , the fast dynamic control law is designed as follows:
where ω = x in = p q r T ,ω d = ṗ dqdṙd T , ω c = p c q c r c T , K ω = diag ω p ω q ω r . p c , q c and r c are the commanded roll, pitch, and yaw rates, respectively, and given by the slow loop control law. ω p , ω q and ω r are gains of the DI fast control loop. At last, the control deflections can be deduced as follows:
2) THE SLOW CONTROL LOOP
To track the desired β c , α c and µ c , the slow dynamic control law is designed. As shown in figure 5 , three separate SHL neural networks (one corresponding to each axis) are implemented in the slow control loop to adaptively compensate the inversion errors of the aircraft pitch, roll and yaw channels. In figure 5 , i represent the sideslip angle β, angle of attack α. The response model for β c , α c and µ c are chosen to match the handling quality criterion:
where ξ i and ω i are the natural frequency and damping ratio of the second order model. ω µ is the natural frequency of the first order model. The control gain k pi , k di ( i = α, β) and k pµ of the linear controller are chosen as [9] :
The expected dynamic response of its command parameters is set as the following form:
and v µ are the pseudo control variables. The calculation details have already been discussed in the previous section. While in the traditional DI slow control loop, the expected dynamic response of its command parameters can be expressed as follows:
ω β and ω µ are the control gains of the DI slow loop.
B. NUMERICAL EXAMPLES
Considering the effects of aerodynamic parameters uncertainty and the reduction of control effectiveness caused by icing, the proposed controller must have enough strong robustness to guarantee a good performance. Set the simulation condition as: the aircraft is initially trimmed at the height of 2000m with a velocity of 90m/s. Note that the velocity is controlled by a PID controller, so that it could be assumed as a constant in the numerical simulation. The aircraft body parameters are: m = 42000 kg, S = 124 m 2 , c = 4.15 m, b = 34.10 m, I x = 1151900 kg·m 2 , I y = 2392630 kg·m 2 , I z = 3846326 kg·m 2 , I xz = 107640 kg·m 2 . Assume that the aircraft mass, and moment of inertia are constant. Based on the cognition of the icing effect on aircraft aerodynamics by the wind tunnel based virtual flight tests with simulated ice shape, the average aerodynamic modeling error of aerodynamic coefficients C Lα , C Lδe , C mα , C mδe , C mq , A, C Y β , C Ydr , C lβ , C nβ , C lda , C nda , C ldr , C ndr , C lp , C np , C lr , C nr in the numerical simulation have been listed in Table 3 . The average aerodynamic modeling error E given in this study is defined as follows:
where N = 2500 (simulation time (25 s)/time step (0.01 s)).
To confirm the performance of the control proposed in the present study, the command values for the AOA, the sideslip angle, and the bank angle about velocity vector are given as follows:
0≤ t ≤ 5 s: The control surface damage also has been taken into consideration in the present simulation. And the actuator fault model can be expressed as follows [24] 
where b = [b 0 ; b 1 ; b 2 ; : : :] and n(t) are fault coefficient vector and noiselike random process, respectively. Consider a case with the decreased effectiveness, we can chose 0 < b 1 < 1 and set all other terms to zero. In the simulation section, we set the control surface damage as a reduction in the control effectiveness of 50% for the elevator, 30% for the aileron and 50% for the rudder, respectively. In order to investigate how the neural network detects and handles faults, the failure time for all control channels is set to be 10 s.
The value of control design parameters have been listed in Table 4 . The control gains for these three channels are all the same. The neural network with 8 hidden neurons which are used to compensate for the influence of the system modeling errors resulted from the variations of aerodynamic coefficient. Figure 6 shows the response of the controlled variables with over time. It can be found surprisingly that the ANN-DI control law behaves better in the presence of aerodynamic modeling error and a reduction of control effectiveness than that of the conventional DI control law. The AOA, sideslip angle, and bank angle about velocity vector responses based on ANN-DI control law have shown better tracking performance compared to the conventional DI control law. As shown in figure 6(a) , with the injection of the control surface damage, the tracking performance of the AOA, sideslip angle, and bank angle about velocity vector starts to deteriorate. However, as shown in figure 6(b) , the tracking performance does not deteriorate, which indicates that the ANN can adapt to the change immediately and consequently the proposed control system corrects this change effectively. Figure 7 shows the control histories where we can follow that even when aircraft faults occur, the proposed controller compensated by neural networks still can work well. Furthermore, the results in figure 7 have demonstrated that the deflections of the three control surface can be guaranteed to stay within the range of the control surface as listed in Table 1 , although the simulation scenario is rather strict.
A brief summary about the ANN-DI method adopted in this paper is that this method has great advantages in terms of steady-state response, overshoot characteristics, and robustness. These characteristics of the method promise that the dynamic response of the controlled parameters would not exceed the given command value with the appropriate control gain. Therefore, the ANN-DI method proposed in this study can be applied to the flight envelope protection system. For example, the stall AOA after icing is used as the input command of the ANN-DI, the maximum allowable elevator deflection angle would be obtained. And then the envelope protection system limits the control surface deflection of the aircraft to the maximum allowable deflection angle in real time so that the controlled parameters always stay within safe envelope. This idea opens a new avenue to icing envelope protection and will be introduced in next section. 
V. APPLICATION TO FLIGHT ENVELOPE PROTECTION UNDER ICING CONDITIONS
Apart from the reconfigurable flight control, the ANN-DI method proposed in this study can also be applied to flight VOLUME 8, 2020 envelope protection under icing and in the following discussion, we will focus on the verification of the effect on the envelope protection. From the previous researches, we know there are four main envelope protection strategies [29] : control limiting [26] , command limiting [2] , [27] , using a constrained flight control law, and virtual control limiting [28] . The reference [29] provides details about the four methods.
Based on the first protection method, i.e. control limiting strategy, in this study, the ANN-DI control method is used to map the flight envelope (FE) limits onto control surface deflection limits in FEP module. And the closed loop icing envelope protection system is designed. Figure 8 shows the block diagram of closed loop icing envelope protection system. The specific modules of the system includes three parts are described as follows:
(1) The ''Limit calculation'' module calculates the limits of key parameters (e.g. stall AOA and maximum bank angle about velocity vector) after icing according to the current icing severity factor η, flight states and icing aerodynamic database. Taking the effects of aerodynamic parameters uncertainty and sensor noise into account, directly calculating the available control surface deflection by using the limit value of key parameters may cause the aircraft to enter a dangerous situation. For the consideration of flight safety, the safety margin (e.g. α, β, µ) is used.
(2) The FEP module obtains the value of the limits of control surface deflections and throttle according to the limits of key parameters calculated from the ''Limit calculation'' module. And it is composed of three parts: the velocity protection system, the ANN control loop, and the DI control loop. The details about velocity protection system will be discussed in the following. The ANN and DI control loop have already been discussed in section 4.
(3) The ''Signal selector'' module compare the control surface deflections and throttle obtained by ''Autopilot'' model and FEP module to ensure the ultimate deflection of control surface and throttle within the safe envelope.
As shown in figure 8 , the control surface final deflection is determined by the signal selector. The output of the signal selector δ com is calculated as follows: where δ FCL is the control command of autopilot model, δ FEP is the control command of FEP module, K B is a logical control parameter of the signal selector, which can be expressed as:
The δ FCL and δ FEP are calculated in parallel at any time. Assume that the signal symbol of control surface deflection is consistent with δ FCL and δ FEP , when δ FCL ≥ δ FEP , K B = 1, δ com = δ FCL , the system would switch to autopilot work style; In turn, when δ FCL < δ FEP , K B = 0, δ com = δ FEP , the system would switch to FEP work style. In practical applications, this conversion process may exist delay, however, due to the smooth effect of actuator dynamics loop, the small jump of control surface can be ignored.
A. THE AUTOPILOT MODEL
Current practice recommendations state that the autopilot should be switched off immediately when ice accretion is reported during flight as the autopilot may handle the aircraft in an inaccurate flight envelope under icing conditions [2] . Therefore, it is of great importance for flight safety to develop an autopilot system that is reliable and robust to icing. The automatic flight control laws for a traditional commercial airplane are designed as shown in figure 9 . We choose two modes: pitch attitude hold (PAH) mode and roll attitude hold (RAH) mode as main research objects.
The structure of PAH mode is shown in figure 9 (a). The desired reference value of the pitch angle that needs to be tracked is denoted by θ ref . The gains k θ I , k θ p , k q are scheduled according to different flight states. Besides, the structure of RAH mode is shown in figure 9 (b) . Due to the coupling of lateral channel and horizontal channel, the roll angle needs to be controlled by the aileron and rudder. The coordinated turn maneuver of the aircraft is adopted in order to eliminate sideslip produced by rolling. The desired reference value of the roll angle that needs to be tracked is denoted by φ ref . The gains k φP , k φI , k p , k ψP , k r , k β are also scheduled in terms of different flight states.
Note that the roll angle φ is different from the bank angle about velocity vector µ. However, the values of the two parameters are very close, because the φ is the roll attitude in the aircraft body axes coordinate system, while the µ is the roll attitude in the aircraft flight path axes coordinate system. Traditionally, the RAH autopilot model use the roll angle in the aircraft body axes coordinate system φ as the control variable.
B. THE VELOCITY PROTECTION SYSTEM
The velocity protection system realizes the function that keeps the flight velocity within the safe envelope. In the existing research on envelope protection under icing conditions, more attention is paid to the protection of the AOA [2] . However, at the same time, the minimum flight speed will be increased by icing. If the flight speed envelope is not adjusted accordingly, the flight states of the aircraft will be easier to approach the left flight boundary, which may cause the aircraft to stall. The usual research does not take the real-time envelope change in flight speed into account, which is rarely seen in the current icing envelope protection research.
In order to ensure the flight safety, the minimum level flight speed (the normal load factor n z = 1) is used as the minimum flight speed V min during the flight. The throttle control law is designed as follows
where V is velocity safety margin. In this paper, V = 5%V min . K th is the control gain and scheduled in terms of different flight states. The minimum flight speed V min can be expressed as follows [30] 
where C L max _iced is the maximum lift coefficient under icing condition, G is the weight, S is the wing area, ρ is the air density.
C. NUMERICAL EXAMPLES

Case 1 The icing envelope protection in longitudinal direction
The PAH mode is the basic structure of the longitudinal autopilot modes. The simulation and discussion are focusing on the icing envelope protection in PAH mode in this case. The simulation conditions are set as follows: the aircraft is trimmed at a height of 2000 m with a velocity of 90 m/s under icing conditions. The aircraft encounters icing at t = 0 s, and flies over the icing area at t = 50 s. We assume that during this period, the severity of aircraft icing has increased linearly from clean to severe icing and then remains unchanged. The atmospheric turbulence is modeled as white noise passing through a linear filter.
Note that the most severe ice accretions usually develop over the course of several minutes, however, in this simulation case, the conditions is set more severely in order to check the effectiveness of the icing envelope protection system.
According to the icing database, the stall AOA of the aircraft in this state, correspondingly, is reduced linearly from 13 • to 7.5 • . The safety margin of AOA α is set as 0.5 • .
The limit values of the bank angle about velocity vector and side slip angle are set to zero. A pitch up command of 10 • is issued at t = 0 s. The simulation is carried out under the three cases including no envelope protection, only with the AOA envelope protection, and the AOA and flight speed envelope protection. The dynamic responses for each parameter of the aircraft are shown in figure 10 .
The results obtained from simulation displayed in figure 10 , show that the stall AOA gradually decreases with the increase of icing severity, at the same time the minimum level flight speed gradually increases. Once the icing envelope protection system is closed, the AOA and flight speed quickly exceed their respective boundary values, which is highly likely to cause stall and potential loss of control. On the other hand, when the envelope protection is only applied to the AOA as shown in figure 10 (a) , it can be seen that although the AOA is limited within the safe range, the flight speed is gradually lower than the minimum level flight speed as shown in figure 10 (f) , as a result, the normal operation of the autopilot in PAH mode cannot be guaranteed. When envelope protection is applied at the same time to the AOA and flight speed, they would be controlled in real time within the range of changing envelope. And the distance from the envelope boundary of the AOA has increased and the normal operation of PAH mode can be guaranteed.
In the reference [2] , the icing envelope protection system in PAH mode is designed. The envelope protection method based on command limiting described in this reference requires a large number of simulation analyses to establish a database of the maximum allowable pitch angle command according to stall AOA, icing severity, and flight state parameters. Compared with the method designed in reference [2] , the envelope protection method proposed in this paper can calculate the available control surface deflection directly to achieve envelope protection of the AOA, and have a good real-time performance.
Case 2 The icing envelope protection in lateral direction The simulation and discussion are focusing on the lateral envelope protection in RAH mode under severe icing conditions in this case. The simulation conditions are mostly the same as that of case 1. The icing severity has no change in this simulation. A roll command of 25 • is issued at t = 0 s. The limit value of the bank angle about velocity vector is 20 • in the severe icing condition. And the safety margin of the bank angle about velocity vector µ is set to 1 • . The limit value of the sideslip angle is set to zero. Figure 11 shows the simulation results of case 2 situation.
From figure 11 , we can know that the bank angle about velocity vector, AOA and the flight speed are found to exceed their limit values when without envelope protection. When the icing envelope protection system works, these parameters are all limited within the safe envelope. Compare with the no envelope protection condition, the side slip angle is reduced closely to zero, and the height is increased. This is quite beneficial for the pilot to handle the airplane under icing conditions.
VI. CONCLUSION
Aircraft icing could cause aerodynamic deterioration and reduction of control effectiveness, which induces the control system model deviation from the nominal situation. And the limit values of some key parameters such as AOA is no longer a constant value, but variables in different flight states and icing severity. According to the above characteristics, this study proposes an innovative methodology for aircraft reconfigurable flight control and envelope protection under icing conditions. Based on ANN-DI control method, the reconfigurable flight controller was designed and its strong robustness and good tracking performance were verified through simulation analysis. Due to these advantages, the method is also applied to map the flight envelope limits onto control surface deflection limits. Based on control limiting strategy, the icing envelope protection system was established. The successful operation of this system was demonstrated through simulations in PAH autopilot mode and RAH autopilot mode under icing conditions. Compared with the traditional envelope protection method, the proposed method with concerns of modeling errors is proved by simulation to have the advantages of good real-time performance, more comprehensive protection of flight parameters, and high engineering application value.
In the future work, we will try the application with more reliable neural architectural models and compare the performance characteristics of different neural network models when applied in the adaptive control.
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